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ESSENTIAL AMINO ACIDS (EAA) stimulate skeletal muscle protein synthesis (4, 7, 29, 42, 46) . Within the last decade, great strides have been made to unravel the molecular mechanisms responsible for how EAA, and leucine in particular, enhance muscle protein synthesis. One focus of attention has been on the activation of the mammalian target of rapamycin (mTOR) complex 1 (mTORC1), an amino acid sensor (5) and central regulator of translation initiation and elongation (3) . Although the mTORC1 pathway has been extensively studied in skeletal muscle of human and rodent models following EAA ingestion or infusion (4, 11, 14, 44) , less information is available describing the relationship between amino acid transport mechanisms and mTORC1 signaling, especially in human skeletal muscle.
Amino acid transporters are ubiquitously expressed in the plasma membrane of many cell types, including human skeletal muscle (33) . Recent classification of these proteins has termed them solute-linked carrier (SLC) family members (34) . One group of amino acid transporters is the system L-type, which includes a heterodimeric complex made up of a permease [L-type amino acid transporter (LAT1/SLC7A5)] and a glycoprotein (CD98/SLC3A2). Another class of amino acid transporters is the system A-type, which includes the sodiumcoupled neutral amino acid transporters (i.e., SNAT2/SLC38A2). Baird et al. (6) examined a novel coupling mechanism involving the cooperative activity of the protein complex LAT1-CD98 and SNAT2 and their role in activating mTORC1 by increasing the intracellular leucine concentration. SNAT2 transports glutamine into the cell in order for the LAT1-CD98 bitransport system to export glutamine and increase the influx of leucine (6) . These two systems of transporters have been highlighted here not only because of evidence implying their role in muscle growth (28) but because expression of both LAT1/CD98 and SNAT2 is correlated with positive mTORC1 activation (28, 38) , while inhibitors of SNAT2 and CD98 reduce mTORC1 activity and protein synthesis (8, 21) .
A decrease in the intracellular amino acid pool reduces mTORC1 signaling (41) , activates the general control nonrepressed (GCN2) pathway, and inhibits muscle protein synthesis via an increase in phosphorylation (Ser 52 ) of eukaryotic initiation factor 2 ␣-subunit (eIF2␣) (12, 19, 47, 48, 52) . GCN2 activation also results in an increased expression of the activating transcription factor 4 (ATF4) (2) . This protein has been found to upregulate amino acid transporters such as SNAT2 (18, 37) apparently to enable amino acid efflux during conditions associated with muscle catabolism (9, 39) . On the other hand, ATF4 can also be upregulated in response to anabolic conditions such as insulin and amino acid sufficiency, and this effect is independent of GCN2 and is rapamycin-sensitive (1, 31) . However, the cellular mechanisms responsible for the increase in ATF4 and amino acid transporters in response to these anabolic conditions are not known.
To date, no study has characterized amino acid transporter expression in human skeletal muscle in response to an increase in EAA availability. Therefore, the primary aim of this experiment was to determine the expression levels of L-type (LAT1/SLC7A5, y ϩ LAT1/SLC7A7, LAT3/SLC43A1, and CD98/SLC3A2) and A-type (SNAT2/SLC38A2 and SNAT4/SLC38A4) amino acid transporters in relation to leucine kinetics in human skeletal muscle following the ingestion of EAA. A secondary aim was to determine the effect of an increase in EAA availability on the response of additional amino acid transporters associated with muscle growth and mTOR signaling [proton-coupled amino acid transporter (PAT1/SLC36A1 and PAT2/SLC36A2)] (16, 40) , transporters that have not been linked to the mTORC1 signaling pathway [cationic amino acid transporter (CAT2/SLC7A2) and excitatory amino acid transporter (EAAT1/SLC1A3)], and members of the general amino acid control pathway [GCN2, eIF2␣ (Ser 52 ), and ATF4]. We hypothesized that an increase in EAA availability would stimulate ATF4 and amino acid transporter expression.
MATERIALS AND METHODS
Subjects. We studied 7 young subjects (3 male, 4 female; 29 Ϯ 2 yr of age, 167 Ϯ 6 cm height, 71 Ϯ 6 kg body wt, 25 Ϯ 1 kg/m 2 body mass index). The subjects were not engaged in regular exercise training at the time of enrollment in the study, although they were physically active and healthy. Screening of subjects was performed with clinical history, physical examination, and laboratory tests, including complete blood count with differential, liver and kidney function tests, coagulation profile, fasting blood glucose and oral glucose tolerance test, hepatitis B and C screening, human immunodeficiency virus test, thyroid-stimulating hormone, lipid profile, urinalysis, and drug screening. All subjects gave informed written consent before participating in the study, which was approved by the Institutional Review Board of the University of Texas Medical Branch (which is in compliance with the Declaration of Helsinki).
Experimental design. All subjects were admitted to the Clinical Research Center of the University of Texas Medical Branch on the day prior to the study, and a dual-energy X-ray absorptiometry scan (Hologic QDR 4500W, Bedford, MA) was performed to measure body composition and lean mass. The subjects were then fed a standard dinner and a snack at 2200. All subjects were studied following an overnight fast under basal conditions, refrained from exercise for 24 h prior to study participation, and were studied at the exact same time (i.e., between 0700 and 1600).
On the morning of the study, polyethylene catheters were inserted into a forearm vein for tracer infusion, into the contralateral hand vein, which was heated for arterialized blood sampling, and into the femoral artery and vein (retrograde placement) of the leg for blood sampling. The femoral lines were placed in the same leg from which muscle biopsies were obtained. The arterial catheter was also used for the infusion of indocyanine green (ICG; Akorn, Buffalo Grove, IL) to determine blood flow.
After a background blood sample was drawn, a primed continuous infusion of L- [1- 13 C]leucine (Isotec, Sigma-Aldrich, St. Louis, MO) was started and maintained at a constant rate until the end of the experiment. The priming dose for the labeled leucine was 4.8 mol/ kg, and the infusion rate was 0.08 mol·kg Ϫ1 ·min Ϫ1 set at a constant pump rate of ϳ6.5 ml/h. At 2 h after initiation of the tracer infusion, the first muscle biopsy was obtained from the lateral portion of the vastus lateralis of the leg. The biopsy was performed using a 5-mm Bergström biopsy needle, under sterile procedure and local anesthesia (1% lidocaine). Immediately after the first biopsy, a continuous infusion of ICG was started in the femoral artery (0.5 mg/min) and maintained for 50 min. At 10 min after ICG infusion was started, four blood samples were drawn, at 10-min intervals, from the femoral vein and the arterialized hand vein for measurement of ICG concentration. In addition to the blood obtained for ICG measurement, blood samples were also taken from the femoral artery and vein and from the arterialized hand vein for measurement of amino acid enrichments. At the end of the baseline period, a second biopsy was obtained.
Immediately after the second baseline biopsy, subjects ingested a solution (500 ml) that contained 10 g of EAA mixed in a noncaloric, noncaffeinated carbonated beverage. The composition of the EAA mixture was as follows:
L-threonine, and 10% L-valine (Sigma-Aldrich). Muscle biopsies were then sampled at 1, 2, and 3 h following the ingestion of the amino acid mixture. The two baseline and 1-h muscle biopsies were sampled from the same incision, while the 2-and 3-h muscle biopsies were sampled from a separate incision on the same leg 7 cm proximal to the previous incision site. To minimize changes in muscle due to the previous biopsy sampling, muscle biopsies were angled in such a way that ϳ5 cm separated each sampling location (45) . The tissue was immediately blotted and frozen in liquid nitrogen and stored at Ϫ80°C until analysis. Blood sampling and ICG infusion for amino acid concentrations and blood flow measurements, respectively, took place at baseline, after the ingestion of the amino acid mixture, and subsequently between the 1-to 2-h and 2-to 3-h postingestion time periods.
Fasting control group. To determine if changes in amino acid transporter gene expression were due to biopsy trauma interference and/or circadian variation, we performed a small pilot experiment on four subjects (3 male, 1 female; 31 Ϯ 2 yr of age, 87 Ϯ 6 kg body wt, 1.77 Ϯ 0.05 cm height) in the fasted state. Muscle samples were taken in the basal state and 2, 3, 4, and 5 h following the first biopsy and were sampled at essentially the same time at which biopsies were obtained from the EAA group. Biopsies were taken from the vastus lateralis in a manner identical to that used to obtain samples from the EAA group, such that biopsies 1-3 were sampled from a single incision and biopsies 4 and 5 were obtained from a separate single incision.
Determination of blood flow, insulin, amino acid concentrations, and muscle protein synthesis. Serum ICG concentration for the determination of leg blood flow was measured spectrophotometrically (Beckman Coulter, Fullerton, CA) at a wavelength of 805 nm (24) . Insulin concentrations were measured via a commercially available radioimmunoassay kit (Diagnostic Products, Los Angeles, CA). Concentrations and enrichments of blood leucine were determined on its tert-butyldimethylsilyl derivatives using L-leucine 5-5-5-d3 as an internal standard and gas chromatography/mass spectrometry (GCMS 6890 Plus GC, 5973N MSD/DS, and 7683 autosampler, Agilent Technologies, Palo Alto, CA) as previously described (50) . The rate of incorporation of leucine into muscle protein was calculated as described by Borsheim et al. (10) .
RNA extraction. Total RNA was isolated by homogenizing 30 -40 mg tissue with a homogenizing dispenser (T10 Basic Ultra Turrax, IKA, Wilmington, NC) in a solution containing 1.0 ml of TRI Reagent. The RNA was separated into an aqueous phase using 0.2 ml of chloroform and precipitated from the aqueous phase using 0.50 ml of isopropanol. Extracted RNA was washed with 1 ml of 75% ethanol, dried, and then suspended in a known amount (1.5 l/mg tissue) of nuclease-free water. RNA concentration and integrity were assessed using the Agilent 2100 BioAnalyzer (Agilent Technologies). The average RNA integrity number was 8.7 Ϯ 0.1 (on a scale of 1-10, where 10 is the highest score) and a 1.30 Ϯ 0.02 28S-to-18S ratio. RNA was treated with DNase using a commercially available kit (DNA-free, Ambion, Austin, TX).
cDNA synthesis. One microgram of total RNA was reverse transcribed into cDNA according to the manufacturer's directions (iScript, Bio-Rad, Hercules, CA). Briefly, a 20-l reaction mixture consisting of 1 g of total RNA, 4 l of 5ϫ iScript reaction mix, 1 l of iScript reverse transcriptase, and a known amount of nuclease-free water was placed into the thermocycler (IQ5 Real-Time PCR cycler, Bio-Rad) with the following temperature/time protocol: 25°C for 5 min, 42°C for 30 min, and 85°C for 5 min. All isolated RNA and cDNA samples were stored at Ϫ80°C until further analysis.
PCR primers. Primer pairs were customized using Beacon Designer 5.0 software (Premier Biosoft International, Palo Alto, CA) in which they were designed to avoid homology (BLAST analysis) and secondary structures. Primers, which were purchased from Invitrogen (Carlsbad, CA) or Sigma-Aldrich, were considered optimal if they produced 1) primer efficiencies between ϳ90% and 100% and 2) a single DNA product of predicted size as identified with a melt analysis and DNA agarose gel. Primer sequences and accession numbers are provided in Table 1 .
Semiquantitative real-time PCR. Relative mRNA expression was determined by real-time RT-PCR using the iQ5 Multicolor Real-Time PCR cycler (Bio-Rad). cDNA was analyzed using SYBR Green fluorescence (iQ SYBR Green Supermix, Bio-Rad). Each reaction contained SYBR Green, a mixture of forward and reverse primers, cDNA template, and a known amount of sterile water. The total volume of the reaction tube was 25 l. All samples were run in duplicate. An initial cycle for 5 min at 95°C was used to denature the cDNA. This was followed with 40 PCR cycles consisting of denaturation at 95°C for 20 s and primer annealing and extension at 55°C for 30 s. After all PCR runs, a melt analysis was performed. The geometric means of GAPDH and ␤ 2-microglobulin were used to normalize the genes of interest as recommended by Vandesompele et al. (43) . Relative fold changes were determined from the cycle threshold (C T) values using the 2 Ϫ᭝᭝C T method as described by Livak and Schmittgen (30) .
Immunoblot analysis. Immunoblot analysis is described elsewhere (13) . Briefly, equal amounts of total protein were loaded into each lane, and the samples were separated by electrophoresis (150 V for 60 min) on a 7.5% or 15% polyacrylamide gel as determined by the size of the target protein (Criterion, Bio-Rad). The separated proteins were transferred to a polyvinylidene difluoride membrane (Bio-Rad) at 50 V for 60 min and then incubated overnight in the primary antibody of interest and then for 1 h in secondary antibody at room temperature (see antibody concentrations below). After application of chemiluminescent solution (ECL plus, Amersham BioSciences, Piscataway, NJ) to each blot, optical density was measured (ChemiDoc, Bio-Rad) and densitometric analysis was performed using Quantity One 4.5.2 software (Bio-Rad). Immunoblot data were normalized to an internal control (loaded on every gel) for comparison across blots and then normalized to baseline values (expressed as fold change from basal).
Antibodies. The polyclonal antibodies and dilutions were as follows: LAT1/SLC7A5 (1:1,000 dilution; Abcam, Cambridge, MA), CD98/SLC3A2 (1:250 dilution; Santa Cruz Biotechnology, Santa Cruz, CA), SNAT2/SLC38A2 (1:500 dilution; Santa Cruz Biotechnology), ribosomal protein S6 (rpS6, Ser 240/244 , 1:500 dilution; Cell Signaling, Beverley, MA), GCN2 (1:500 dilution; Santa Cruz Biotechnology), ATF4 (1:500 dilution; Santa Cruz Biotechnology), and eIF2␣ (Ser 52 , 1:1,000 dilution; Invitrogen). Anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody was purchased from Amersham Bioscience (1:2,000 dilution).
Statistical methods. To determine differences across time in our dependent variables of interest, data were statistically analyzed using a two-way repeated-measures ANOVA. When a main time effect existed, Bonferroni's post hoc tests were conducted to assess interac- LAT, L-type amino acid transporter; SNAT, sodium-coupled neutral amino acid transporter; PAT, proton-coupled amino acid transporter; CAT, cationic amino acid transporter; EAAT, excitatory amino acid transporter; GCN, general control nonrepressed; ATF, activating transcription factor. tion effects at specific time points. Significance was set at P Ͻ 0.05. Values are means Ϯ SE. All analyses were performed with SigmaStat software (version 3.5).
RESULTS

Leucine kinetics, insulin, and muscle protein synthesis.
Leucine arterial concentration (Fig. 1A) and leucine delivery to the leg (Fig. 1B) were higher at 1 and 2 h post-EAA ingestion (P Ͻ 0.05), while leucine transport into the muscle (Fig. 1C) was significantly elevated at 1 h (P Ͻ 0.05) and nearly elevated at 2 h (P ϭ 0.06) post-EAA. Additionally, muscle intracellular leucine concentrations were significantly increased at all time points (1-3 h) post-EAA (P Ͻ 0.05). Plasma insulin concentrations increased by 2.8-fold at 30 min and remained elevated by 1.7-fold at 60 min post-EAA (P Ͻ 0.05). Insulin concentrations returned to baseline values at 2 h post-EAA (P Ͼ 0.05). Muscle protein synthesis increased 2.4-fold from baseline (0.28 Ϯ 0.04), to 0.67 Ϯ 0.13 mol·min Ϫ1 ·100 ml leg Ϫ1 , during the 1st h post-EAA (P Ͻ 0.05) and returned to baseline levels by 2 h post-EAA (data not shown).
Amino acid transporter expression. To determine whether selected amino acid transporters were upregulated following EAA ingestion, we measured the expression of the system L-type amino acid transporters, a primary transport mechanism of large neutral solutes such as leucine. We show that LAT1 mRNA expression was significantly elevated at 1 h following EAA ingestion ( Fig. 2A ; P Ͻ 0.05), while LAT1 protein was slightly (25%), but significantly, increased by 3 h post-EAA ( Fig. 2C ; P Ͻ 0.05). The mRNA associated with the heavy subunit of the L-type transporter, CD98, was also significantly elevated at 1 h post-EAA ( Fig. 2B ; P Ͻ 0.05); however, CD98 protein expression was unchanged from basal levels (Fig. 2D ). There were no significant differences across time for y ϩ LAT1 or LAT3 mRNA expression (Table 2) .
We next evaluated system A-type transporters that are proposed to work in conjunction with system L-type amino acid transporters (6) . We found that SNAT2 mRNA expression was significantly elevated at 1 h following EAA ingestion ( Fig. 3A ; P Ͻ 0.05), while SNAT2 protein expression was elevated by ϳ25% at 2 and 3 h post-EAA ( Fig. 3C ; P Ͻ 0.05). There was no significant change in SNAT4 mRNA expression (Table 2) .
Furthermore, we determined the expression pattern of the PAT transporters, newly reported transporters with a role in muscle growth and associated mTOR signaling (16, 40) , following EAA ingestion. PAT1 mRNA expression was increased at 1 h following EAA ingestion ( Fig. 3B ; P Ͻ 0.05), while no differences were found across time for PAT2 ( Fig. 3D ; P Ͼ 0.05). Additionally, we evaluated the expression of amino acid transporters not reported to have an association with mTORC1 signaling with the purpose of determining if the L-and A-type transporters are uniquely regulated following an acute anabolic stimulus. We report that CAT2 and EAAT1 mRNA expression was unchanged following EAA ingestion ( Table 2) .
Marker of mTORC1 activity. To determine if EAA ingestion was associated with an increase in the activity of the mTORC1 pathway, we measured the phosphorylation of rpS6 at Ser 240/244 . Phosphorylation of rpS6 was significantly elevated at 1 h post-EAA (P Ͻ 0.05) but returned to baseline thereafter ( Table 2) .
Potential regulators of amino acid transporters. Finally, we examined key genes and proteins associated with general amino acid control (Table 2 ). There were no differences in the mRNA or protein expression for GCN2 post-EAA. ATF4 mRNA expression was unchanged, but ATF4 protein expression was increased by ϳ25%, at 2 h post-EAA (P Ͻ 0.05). Lastly, the phosphorylation status of eIF2␣ (Ser 52 ) was not different across time following EAA ingestion.
Control group. In our fasting control group, we measured the same transporters that were increased from baseline (LAT1, CD98, SNAT2, and PAT1) in the EAA group to determine whether the increase in amino acid transporter expression could have been due to a biopsy effect and/or circadian changes. Overall, there were no changes across time for any of the genes measured within the control group (Table 3) . These data strongly suggest that the robust changes at 1 h post-EAA in the experimental group were largely due to the increase in EAA availability, rather than biopsy trauma or circadian rhythms.
DISCUSSION
The novel finding of this study was that EAA ingestion in humans resulted in a robust and transient increase in the mRNA expression of LAT1 and CD98 (L-type amino acid transporters), an increase in SNAT2 (an A-type amino acid transporter), and an increase in PAT1. These increases were followed by a modest increase in LAT1 and SNAT2 transporter protein expression. These data likely occurred downstream of mTORC1 signaling, suggesting a cellular adaptation mechanism to improve amino acid transport and, hence, mTORC1 signaling, during prolonged amino acid sufficiency or in response to a future protein anabolic stimulus. Alterations in amino acid transporter expression and function may be essential for regulating rates of in vivo muscle protein synthesis following anabolic stimuli (e.g., feeding and/or resistance exercise) or under circumstances in which muscle protein synthesis is attenuated (e.g., bed rest, sepsis, and burns).
In a review by Wolfe (49) , it is highly evident that the increases in amino acid availability are strongly correlated with the change in muscle protein synthesis, especially when leucine concentrations are monitored. This would suggest that the accumulation of amino acids is a central event that leads to changes in protein turnover. Depending on the method of amino acid delivery (e.g., infusion or ingestion), we previously showed a rapid increase of amino acids in the plasma (ingestion: ϳ15 min) immediately followed by activation of the mTORC1 pathway and muscle protein synthesis (14) . Indeed, as we show in Fig. 1 , arterial leucine concentrations and leucine delivery and transport into the muscle increase 1-2 h post-EAA ingestion, while intracellular leucine concentrations remain elevated for at least an additional hour. The increase in EAA availability caused a transient increase in mTORC1 signaling (e.g., rpS6 phosphorylation; Table 2 ) and muscle protein synthesis during the 1st h following nutrient ingestion. The accumulation of intracellular leucine during the 2nd and 3rd h after ingestion was likely due to continued transport and a gradual decrease in the cellular utilization of leucine as a substrate for protein synthesis. However, little is known of the relationship between mTORC1 signaling and amino acid transport mechanisms (5). Values are means Ϯ SE, expressed as fold change from basal. mTORC1, mammalian target of rapamycin complex 1; rpS6, ribosomal protein S6; eIF2␣, eukaryotic initiation factor type 2 ␣-subunit. ‫ء‬Significantly different from basal (P Ͻ 0.05). Hundal and Taylor (20) report that nutrient activation of mTORC1 (in particular, leucine) occurs through a novel class of L-and A-type amino acid transporters. We report for the first time in human skeletal muscle that the expression of LAT1 ( Fig. 2A), CD98 (Fig. 2B) , and SNAT2 (Fig. 3A) mRNA was increased at 1 h and quickly returned to baseline following EAA ingestion (P Ͻ 0.05). As expected, changes in mRNA levels were followed with a slight (ϳ25%) accumulation of transporter protein (Figs. 2C and 3C ). These data are in agreement with findings of McDowell et al. (32) that indicate that leucine availability increases SNAT2 transporter activity in L6 muscle cells. Additionally, we did not identify changes in expression of other members of these systems (e.g., y ϩ LAT1, LAT3, and SNAT4; Table 2 ), highlighting the uniqueness of LAT1-CD98 and SNAT2 transporters among members of the same family following a protein anabolic stimulus.
Increases in transporter mRNA and protein expression following an acute bolus of EAA are likely events that follow mTORC1 signaling and muscle protein synthesis. We suggest that elevated amino acid transporter levels are an adaptive response to increase the sensitivity of amino acid influx during sustained amino acid availability and/or during exposure to a subsequent anabolic stimulus. Perhaps adaptations in amino acid transport are necessary to enhance mTORC1 signaling and muscle protein synthesis. It is also possible that the accumulation of transporter protein at 2 and 3 h post-EAA may have joined the pool of amino acid transporters that translocated to the plasma membrane for the maintenance of leucine transport noted at 2 h post-EAA (Fig. 1C) . A proposed sequence of events may include an increase in EAA availability, resulting in an increase in amino acid transport and intracellular concentration that stimulates mTORC1 signaling and muscle protein synthesis. This is followed with an upregulation of mTORC1-related amino acid transporter mRNA and protein expression to adapt to an altered nutritional state.
Another novel finding was that PAT1, but not PAT2, mRNA expression increased 1 h post-EAA (Fig. 3, B and D) . Much attention has been given to the L-and A-type amino acid transporters as central for delivering substrates to nutrient sensors upstream of mTORC1. However, a scan of the literature shows that PAT transporters are important for cell growth in Drosophila and also operate through an mTORC1-related mechanism (16, 40) . Godberdhan and colleagues (17) proposed a model in which PAT transporters not only transport amino acids directly into the cytosol but may also act as a shuttle to transport amino acids, such as leucine, directly to mTORC1. Therefore, these findings highlight PAT1 as another transporter that may be linked to mTORC1 signaling in humans.
Paradoxically, SNAT2 amino acid transport is increased following amino acid deprivation (15, 27, 35, 36) and amino acid sufficiency (present study; 32), and both occur by an ATF4-mediated mechanism (18, 37) . However, the means of ATF4 activation are different between the two cellular conditions. During amino acid deprivation (e.g., starvation), uncharged tRNAs accumulate and GCN2 is activated and phosphorylates eIF2␣, resulting in a downregulation of translation initiation and protein synthesis (12, 19, 47, 48, 52) . In this circumstance, GCN2 increases ATF4 expression, which serves as a transcription factor for upregulating amino acid transporter gene transcription (1, 31, 37) . Elevating transporter expression during periods of amino acid deprivation may be a mechanism to increase amino acid transport out of the cell for survival (9, 39) . When amino acids are in abundance, as can be seen from this study following the ingestion of 10 g of EAA, anabolic Values are means Ϯ SE, expressed as fold change from basal. Data were normalized to GAPDH and ␤2-microglobulin using the 2(Ϫ⌬⌬CT) method. Time points represent biopsies sampled (in hours) following the basal biopsy. signals (i.e., leucine and/or insulin) increase the translocation of existing amino acid transporter proteins to the plasma membrane (22) and trigger a rapamycin-sensitive ATF4 activation of amino acid transporters (1, 31) , all steps necessary to increase the intracellular pool of amino acids and stimulate muscle protein synthesis. In either case, upregulation of amino acid transporter expression provides a quick means to meet the energy demands of the cell. Whether amino acids are transported into or out of the plasma membrane is likely dependent on the activation of the mTORC1 or GCN2 amino acid-sensing pathways, respectively.
Our data indicate that the GCN2 does not play a role during an increase in EAA availability in humans ( Table 2 ). This finding is consistent with a recent report showing that insulin and amino acid sufficiency promote an increase in ATF4 expression independent of the GCN2 pathway (31) . In the present study, ingestion of 10 g of EAA caused a small and transient increase in insulin concentration during the 1st h that returned to baseline by 2 h after ingestion. Interestingly, ATF4 protein expression did not reach significance until 2 h post-EAA and was independent of any changes in ATF4 mRNA. In any event, these findings do not eliminate ATF4 as a regulator of amino acid transporter expression following EAA ingestion. It is possible that, during the 1st h after ingestion, the overall activity of ATF4 increased or ATF4 may have translocated to the nucleus, upregulating amino acid transporter expression. Indeed, ATF4 has been reported to undergo variations of posttranslational modification (i.e., phosphorylation, ubiquidation, and acetylation) (25, 26, 51) . In addition, we cannot determine from our study whether the increase in amino acid transporter expression was solely due to changes in EAA availability, since an increase in EAA availability does induce an increase in circulating insulin. Therefore, it remains to be determined whether an increase in EAA can upregulate amino acid transporter expression independent of insulin and whether enhanced amino acid transporter expression can occur independent of ATF4, as new evidence suggests that other mechanisms can upregulate amino acid transporter expression. For example, in placental trophoblast cells, signal transducer and activator of transcription (STAT3), through an IL-6-mediated mechanism, can upregulate SNAT2 expression (23) .
In summary, we found that the expression of several transporters (LAT1, CD98, SNAT2, and PAT1) associated with mTORC1 signaling was rapidly and transiently upregulated following EAA ingestion in humans. These changes likely occurred downstream of mTORC1 signaling (via ATF4) and may serve as a cellular adaptation to improve amino acid transport. We conclude that the expression of amino acid transporters is a unique regulatory mechanism associated with the muscle protein anabolic response following an increase in EAA availability and should be given attention in future muscle protein metabolism studies.
